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Physical systems with material properties modulated in time provide versatile routes for designing
magnetless nonreciprocal devices. Traditionally, nonreciprocity in such systems is achieved exploit-
ing both temporal and spatial modulations, which inevitably requires a series of time-modulated
elements distributed in space. In this paper, we introduce a concept of bianisotropic time-modulated
systems capable of nonreciprocal wave propagation at the fundamental frequency and based on uni-
form, solely temporal material modulations. In the absence of temporal modulations, the considered
bianisotropic systems are reciprocal. We theoretically explain the nonreciprocal effect by analyz-
ing wave propagation in an unbounded bianisotropic time-modulated medium. The effect stems
from temporal modulation of spatial dispersion effects which to date were not taken into account
in previous studies based on the local-permittivity description. As a simple practical implemen-
tation, we design a deeply sub-wavelength bianisotropic metasurface which incorporates a single
time-modulated capacitive layer backed by a usual dielectric layer. The designed nonreciprocal
metasurface obeys generalized time-reversal symmetry, while it can exhibit strong unidirectional
transmission or unidirectional amplification.
Reciprocity is a fundamental principle of physical sys-
tem, requiring that the transmission between two ports
does not change if the source and receiver are inter-
changed. Breaking reciprocity is necessary for unidirec-
tional wave propagation, such as wave isolation and cir-
culation [1, 2]. The conventional way for attaining non-
reciprocity is to exert magnetic bias on magneto-optical
materials [3, 4], which however has rather weak effect
at high frequencies. Moreover, the devices based on
magneto-optical materials are bulky and incompatible to
systems where parasitic effects of external magnetic fields
should be avoided. An alternative approach is to use
nonlinear materials [5–8], but it only works for certain
strengths of the incident signal and the functionalities
are limited by the dynamic reciprocity constraint [9].
Dynamic modulation of the material properties brings
an additional degree of freedom for obtaining unprece-
dented wave effects in acoustics [10, 11], optics [12, 13],
and microwave engineering [14–16]. It was noticed quite
early that an electronic device whose properties are mod-
ulated in space and in time can exhibit nonreciprocal re-
sponse [17–19]. In the last decade, due to advances in
electronics and photonics, research interest to nonrecip-
rocal wave propagation based on space-time modulated
systems has rapidly revived and yielded various designs of
nonreciprocal devices: isolators [20–24], circulators [25],
phase-shifters [26, 27], and one-way amplifiers [28–30].
To date, all the known approaches for obtaining non-
reciprocal wave propagation in time-modulated systems
can be boiled down to the following three fundamen-
tal classes [31, 32]: Travelling-wave modulators (indirect
photonic transitions) [17, 29, 33, 34], tandem phase mod-
∗ These authors contributed equally.
ulators (and related approach based on direct photonic
transitions) [22, 35, 36], and nonreciprocal frequency con-
verters [37, 38]. The first approach implies modulation
of material properties in both space and in time, while
the second requires two temporally modulated compo-
nents separated in space. In both cases, it is necessary
to use a series of time-modulated elements which have to
be precisely synchronized with each other, which greatly
increases the complexity of the biasing networks. The
third approach requires either asymmetric modulation
function profile of the real part of permittivity [32, 38]
or modulating both its real and imaginary parts [37].
However, in both cases the system exhibits reciprocal
transmission for the fundamental frequency since waves
incident from the opposite directions “sense” effectively
the same structure (nonreciprocity manifests itself only in
nonreciprocal frequency conversion). Consequently, de-
signing isolators using this frequency-converter approach
requires cascading a pair of two converters, which results
in additional device complexity [37, 38].
In this paper, we introduce a concept of bianisotropic
time-modulated systems capable of nonreciprocal wave
propagation at the fundamental frequency and imply-
ing solely temporal and uniform modulation of material
properties. This route for nonreciprocal time-modulated
systems, originated from bianisotropy (weak spatial dis-
persion), strikingly differs from the previously known
three approaches based on the local-permittivity mate-
rial description. In addition to the fundamental theo-
retical importance, the new approach additionally pro-
vides certain advantages for practical realization (it is
sufficient to ensure temporal modulation of a single com-
ponent in the nonreciprocal system). We explain and
demonstrate the physics behind the new effect by ana-
lyzing wave propagation in an unbounded bianisotropic
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2time-modulated medium (such a medium is reciprocal in
the absence of temporal modulations). Next, we extend
the study to two-dimensional bianisotropic metasurfaces
(single-layer metamaterial composites). Finally, we de-
sign a deeply sub-wavelength metasurface which exhibits
strong unidirectional transmission or unidirectional am-
plification. The metasurface incorporates a single tem-
porally modulated capacitive layer backed by a usual di-
electric layer. We show that the metasurface obeys the
generalized time-reversal symmetry, but exhibits strong
unidirectional amplification/attentuation.
First, we analyze wave propagation in unbounded ma-
terials whose effective material parameters are modu-
lated in time according to the same symmetric profile
and with the same phase at each point in space (uniform
or so-called global modulation). It will be shown that
wave propagation in arbitrary anisotropic materials with
global time modulation is always reciprocal. On the other
hand, it will be shown that under the same conditions,
reciprocity can be broken in bianisotropic materials.
The constitutive relations of a bulk bianisotropic mate-
rial (reciprocal in the absence of temporal modulations)
with antisymmetric magnetoelectric tensor (describing
so-called omega magnetoelectric coupling) can be writ-
ten in the form of [39, Eq. 8.4]
D =ε ·E+ ΩJ ·H, (1)
B =µ ·H+ ΩJ ·E, (2)
where ε and µ are the anisotropic permittivity and per-
meability tensors, Ω is the amplitude of the bianisotropic
omega coupling, and J = zˆ × I is the transverse vector-
product dyadic. Here, for simplicity, we use the adiabatic
model for temporal modulations, assuming that the op-
erational frequency ω is very low compared to the lowest
resonance frequency of the material. In this case, the uni-
formly modulated material tensors can be written as [40]
ε(ω, t, r) = εst(ω, r) +Mε(r) cos(ωmt+ φ),
µ(ω, t, r) = µst(ω, r) +Mµ(r) cos(ωmt+ φ),
Ω(ω, t, r) = MΩ(r) cos(ωmt+ φ),
(3)
with εst and µst denoting static (in the absence of time
modulation) permittivity and permeability, Mε, Mµ,
and MΩ are the modulation strength functions, ωm is the
modulation frequency, and φ is an arbitrary global phase.
Note that this model can be used for arbitrary modula-
tion frequency ωm (see [40] for details). In the general
non-adiabatic case, the following derivations could still
be performed, writing the material parameters using in-
tegrals over past time.
Analogously to derivations in [41], we write the
frequency-domain Maxwell equations for the time-
varying bianisotropic material:
j
ωn
∇×En =µst,n ·Hn +
Mµ
2
[ejφHn−1 + e−jφHn+1]
+
MΩ
2
J · [ejφEn−1 + e−jφEn+1],
−j
ωn
∇×Hn =εst,n ·En + Mε
2
[ejφEn−1 + e−jφEn+1]
+
MΩ
2
J · [ejφHn−1 + e−jφHn+1]− j
ωn
Je,n.
(4)
Here, due to the periodical modulation, the electric and
magnetic fields are written in terms of the Fourier compo-
nents at frequencies ωn = ω0 + nωm, i.e. En and Hn. In
what follows, the spatial dependency is assumed implic-
itly. The external sources are characterized by the elec-
tric current harmonics Je,n, and time-harmonic oscilla-
tions in the form e+jωt are assumed. Combining Eqs. (4)
and writing them in the matrix form, we obtain the wave
equation
−j
({
j∇×
[
ω
]−1
+ J
[
AΩ
]}
·
[
Aµ
]−1
·
{
j∇×
[
ω
]−1
− J
[
AΩ
]}
+
[
Aε
])
·
[
E
]
=
[
J′e
]
.
(5)
Here,
[
E
]
and
[
J′e
]
denote the column vectors with com-
ponents En and J
′
e,n = Je,n/ωn, and
[
ω
]
is the diagonal
matrix with frequencies ωn at the diagonal. Block matri-
ces
[
Aε
]
,
[
Aµ
]
, and
[
AΩ
]
are described in [40] and in-
clude dependence on the modulation strength functions
Mε, Mµ, and MΩ, respectively. They can be made sym-
metric by selecting global phase φ = 0 (the initial phase
can be chosen arbitrarily by time translation t→ t+∆t).
Equation (5) can be simplified to
[
E
]
=
[
G
]
·
[
J′e
]
with
[
G
]
being Greens function of the time-varying un-
bounded material written in the block matrix form.
As is seen from Eq. (5), Green’s function matrix of
any anisotropic material (i.e., when AΩ = 0) is sym-
metric [22], which implies that wave propagation in such
material is reciprocal and subject to the Lorentz reci-
procity [2, Eq. 119]. On the contrary, an unbounded
bianisotropic omega material with nonzero AΩ breaks
reciprocity since in this case matrix
[
G
]
is always not
symmetric. It should be noted that in the general case
(assuming spatially inhomogeneous medium or propaga-
tion not along the zˆ-axis) nonreciprocal transmission in
bianisotropic material occurs even when permittivity and
permeability are time-invariant, i.e. ε(ω, t, r) = εst(ω, r)
and µ(ω, t, r) = µst(ω, r). It is important to mention
that nonreciprocity requires antisymmetric magnetoelec-
tric coupling and cannot be achieved in isotropic chiral
materials with globally modulated properties. This can
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FIG. 1. (a) A T-circuit which fully describes propagation of plane waves through a bianisotropic infinite time-modulated
metasurface. The general circuit consists of three complex impedances shown by dashed blue boxes. In the considered simplest
case of nonreciprocal time-modulated circuit, it consists of a static inductance L and time-varying capacitance C(t). (b) Spectral
response of the time-varying LC- circuit which blocks transmission in the backward direction but allows nonzero transmission
in the forward direction at the fundamental frequency. The blue and red transmission data points correspond to the arrows
of the same colors in (a). The inductance, phase, and modulation coefficient are fixed for all three regimes to L = 6.87 nH,
φ = 0, and A = 1, respectively. The capacitances C0 for the three regimes are: C0 = 2.2 pF for regime I, C0 = 1.6 pF for
regime II, and C0 = 1.55 pF for regime III. The operating frequency is f0 = 10 GHz. The physical size of the structure d can be
much smaller than the operating wavelength. (c)–(e) Conceptual implementations of time-varying bianisotropic metasurfaces
for achieving nonreciprocal propagation. Here ωr, h(t), and ε(t) denote the rotation frequency of individual elements, distance
between the patch arrays, and permittivity of the asymmetric inclusions, respectively.
be easily verified replacing ΩJ in (1) by −κI and in (2)
by +κI [39, Eq. 8.4].
The above derivations demonstrate that a bulk ma-
terial with temporally modulated bianisotropic response
supports nonreciprocal wave propagation. Since in most
practical situations implementation of bulk bianisotropic
materials can be complicated in terms of fabrication,
next we consider the same effect in a two-dimensional
single-layer array of bianisotropic elements (a metasur-
face). Metasurfaces are conventionally characterized
by effective polarizabilities, susceptibilities, or surface
impedances [42]. In what follows, we choose the surface
impedance model, which represents a metasurface as an
equivalent circuit of specific configuration. Propagating
plane waves with electric E and magnetic H fields are
modeled by signals with voltages v and currents i (with
the corresponding amplitudes) propagating in an equiv-
alent transmission line. Such analogy is valid since both
physical systems are described by equations of the same
mathematical form [42, § 2.4.3].
Any reciprocal bianisotropic metasurface can be de-
scribed by an equivalent T- or Π-circuit. We model a
metasurface with a T-circuit formed by three lumped
impedances in frequency domain, Z1 and Z2 connected
in series and Z3 connected in parallel, as shown in
Fig. 1(a). The total thickness of the metasurface d can
be deeply sub-wavelength. In such representation, the
series impedances characterize effective magnetic polar-
ization in the metasurface (due to possible induced cir-
culating currents), while the parallel impedance corre-
sponds to the electric polarization. The degree of asym-
metry of the T-circuit, proportional to the difference
Z1 −Z2, characterizes bianisotropic omega response [43]
(related to Ω parameter in (1) in the bulk material case).
Figures 1(c)–(e) depict three of many possible concep-
tual realizations of bianisotropic omega-type metasur-
faces. All of them can be described by the T-circuit
shown in Fig. 1(a) where each circuit element represents
some linear combination of lumped components: Resis-
tor, capacitor, and inductor, all of which are modulated
in time. The metasurface in Fig. 1(c) incorporates an
array of omega-shaped metallic wires [44], each rotat-
ing around the vertical axis with radial frequency ωr(t).
Importantly, although the metasurface is modulated uni-
formly, the equivalent circuit elements will be modulated,
generally, with different time dependences. The metasur-
face in Fig. 1(d) consists of a double-patch metallic array
where distance between the patches of different sizes (to
induce required asymmetry [43]) h(t) changes in time by
the means of micro-electro-mechanical systems (MEMS).
Finally, Fig. 1(e) depicts optical metasurface composed of
asymmetric dielectric high-index particles [45, 46] whose
permittivity is modulated based on the Pockels effect.
It is important to note that all the potential realiza-
4tions shown in Figs. 1(c)–(e) essentially incorporate sim-
ple dielectric and metal materials which could be locally
described with the uniformly modulated in time permit-
tivity. According to the previous studies of temporally
varying systems based on the local-permittivity descrip-
tion (see e.g., [17, 22, 29, 33–38]), such realizations must
necessary obey reciprocity. However, as we demonstrate
in this Letter, this constraint can be lifted if a more gen-
eral non-local material description is used. In the real-
izations in Figs. 1(c)–(e), temporal modulation of local
permittivity generates additional modulation of spatial
dispersion (bianisotropic) effects.
As a proof of concept, here we consider the simplest cir-
cuit configuration which provides nonzero bianisotropic
coupling. In what follows, we will implement it with
a realistic and simple microwave structure. We choose
the right series circuit element as an inductor with time-
invariant inductance L, while the parallel element as a
capacitor with modulated in time domain capacitance
C(t) = C0[1 − A sin(ωmt + φ)]. The left series element
is omitted [see Fig. 1(a)]. Based on the time-domain
analysis [40], the incident and transmitted voltages for
forward and backward illuminations satisfy the following
relations
vfi (t) = Pˆ (t)v
f
t(t), v
b
i (t) =
[
Pˆ (t) +
L′
2
d
dt
dC ′(t)
dt
]
vbt (t),
(6)
where operator Pˆ (t) is given by
Pˆ (t) = 1 +
1
2
d
dt
(
C ′(t) + L′ + L′C ′(t)
d
dt
)
. (7)
Here, vf,bi are the incident voltage signals (equivalent to
incident electric fields) for the forward and backward il-
luminations, L′ = L/η0 and C ′(t) = η0C(t) are the nor-
malized by the free-space wave impedance η0 inductance
and capacitance with the dimensions of time. As is seen
from (6), the differential operators acting on transmitted
voltages for the opposite illuminations vft(t) and v
b
t (t) dif-
fer by the term which includes time derivative of the ca-
pacitance function. Therefore, if C ′(t) is constant, both
equations in (6) become identical, resulting in expected
reciprocal propagation in the time-invariant metasurface.
However, as will be shown below, a metasurface with
nonzero dC ′(t)/dt in general can exhibit nonreciprocal
transmission.
The harmonic modulation induces frequency mixing
and the reflected and transmitted signals contain infi-
nite numbers of harmonics ωn = ω0 + nωm, where n is
an integer and refers to the harmonic order. Next, we
need to find the condition on the modulation function for
achieving nonreciprocal propagation at the fundamental
frequency ω0 (in contrast to nonreciprocal frequency con-
version [37, 38]). The general reciprocity relation for har-
monic time-varying system can be expressed for circuits
in the frequency domain as [2, Eq. 119]∑
n
vbt (ωn)v
f
i (ωn)
ωn
=
∑
n
vft(ωn)v
b
i (ωn)
ωn
, (8)
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FIG. 2. (a) Possible conceptual realization of nonrecipro-
cal metasurface, consisting of uniformly modulated varactors
placed in the gaps between patches on a dielectric substrate.
(b) Spectral response of the metasurface which blocks trans-
mission in the backward direction but allows nonzero trans-
mission in the forward direction at the fundamental frequency.
The blue and red transmission data points correspond to the
arrows of the same colors in (a). The modulation coeffi-
cient is fixed for all three regimes to A = 0.9. The capaci-
tances C0 and the modulation phase for the three regimes are:
C0 = 6.8 pF and φ = 1.084pi for regime I, C0 = 5.24 pF and
φ = 1.412pi for regime II, and C0 = 4.12 pF and φ = 1.195pi
for regime III. The operating frequency is f0 = 10 GHz.
where vb,fi,t (ωn) denotes the ωn harmonic of the inci-
dent and transmitted signals. Using this condition,
it is easy to test under what conditions the metasur-
face described by (6) exhibits nonreciprocal propaga-
tion at frequency ω0. Let us assume that the transmit-
ted signals for both propagation directions are known
and given by cosine functions: vf,bt (t) = cos(ω0t) =
(ejω0t + e−jω0t)/2. Such choice in the frequency do-
main corresponds to the signals with only two harmon-
ics, i.e. vft(ω0) = v
b
t (ω0) = v
f
t(−ω0) = vbt (−ω0). For
this special case, the reciprocity theorem (8) simplifies to
vfi (ω0) − vbi (ω0) = vfi (−ω0) − vbi (−ω0). This reciprocity
relation does not hold for our metasurface, as can be ver-
ified by subtracting the two equations in (6):
vfi (t)− vbi (t) = Q
{
(ωm − ω0)ej[(ωm−ω0)t+φ]
+(ω0 − ωm)ej[(ω0−ωm)t−φ] + (ω0 + ωm)·
ej[(ω0+ωm)t+φ] − (ω0 + ωm)ej[−(ω0+ωm)t−φ]
}
,
(9)
where Q = jAC ′0L
′ωm/8. Indeed, breaking reciprocity
condition requires that the right side of (9) contains ±ω0
frequency harmonics, which is possible only for ωm =
±2ω0. For example, when ωm = 2ω0, the reciprocity
relation does not hold since vfi (ω0) − vbi (ω0) = Qω0ejφ,
but vfi (−ω0) − vbi (−ω0) = −Qω0e−jφ. Thus, nonrecip-
rocal propagation at the fundamental frequency through
5the considered simplest metasurface consisting of a static
inductance and time-varying capacitance [see Fig. 1(a)]
requires temporal modulation at the double frequency.
However, it is important to note that in general, there
is no fundamental restrictions for the choice of ωm. Low
speed modulation, such as ωm = 0.1ω0 and lower, can
be achieved if the equivalent circuit comprises more than
one modulated element [40] (even having the same mod-
ulation law). The need for additional time-varying cir-
cuit element does not mean that one should modulate
more than one components in the actual metasurface.
As was pointed out above in Figs. 1(c)–(e), such mod-
ulation regime can be achieved in uniform metasurfaces
with a single modulated parameter.
Interestingly, although the metasurface described by
the circuit in Fig. 1 is nonreciprocal, it obeys the gener-
alized time-reversal symmetry [32]. Under substitution
v(t) → v(−t) and η0 → −η0 (reversal of the current di-
rection in the circuit, rather than replacing loss by gain),
relations (6) and (7) do not change their forms, provid-
ing that C(t+ ∆t) = C(−t+ ∆t) for some specific gauge
time translation ∆t. Therefore, signal propagation in the
circuit shown in Fig. 1(a) obeys the generalized time-
reversal symmetry. Such nonreciprocal but time-reversal
symmetric response was recently reported for static sys-
tems [47]. This response implies that the system is non-
Hermitian, i.e. energy is not conserved in the system,
and non-reciprocity manifests in terms of a unidirectional
amplification/attenuation.
In order to choose parameters L′ and C ′(t) of the
metasurface providing the highest nonreciprocity at ω0,
one can apply the Fourier decomposition of time-domain
signals in (6) and (7) and maximize the difference
vft(ω0) − vbt (ω0) for given incident voltages vfi (t) =
vbi (t) = e
jω0t. Alternatively, we optimize the time-
varying circuit in the frequency domain based on the
mode-matching method [40]. In the numerical opti-
mization using MATLAB, we define the cost function
F = |vft(ω0) − K| + |vbt (ω0)| and search for such set of
circuit parameters {L,C0, A, φ} which ensures F → 0.
Parameter K defines desired transmission for the forward
illumination, while for the backward illumination trans-
mission should be always suppressed. We performed op-
timization of the circuit parameters for three different
regimes: Forward-transmitted wave is attenuated by half
(Regime I: K = 0.5), unchanged (Regime II: K = 1)
and amplified (Regime III: K = 2). The optimization
results are shown in Fig. 1(b)(the optimized modulation
function parameters for the three regimes are listed in
the caption). The results demonstrate that the metasur-
face can perform one-way transmission by only modulat-
ing a single capacitor in the equivalent circuit, and the
transmittance can be arbitrarily engineered with energy
damping or amplification via modifying function C(t).
All nonzero high-order frequency harmonics can be fil-
tered out using a conventional frequency band-bass filter.
The dynamic range of capacitance variations in the ana-
lyzed simple circuit example is relatively high, which can
hinder practical implementations. Nevertheless, it can
be significantly reduced by adding additional constant
circuit elements to the considered circuit [40].
Next, we implement the designed time-modulated
equivalent circuit using a realistic metasurface structure
performing nonreciprocal transmission or amplification
for plane waves. Alternatively, the same performance
can be achieved for guided waves in a waveguide using a
single cell of the metasurface. We implement the parallel
capacitor in the circuit by a uniform array of metallic
patches connected by varactors, as shown in Fig. 2(a).
By applying a modulated signal to the varactors, the
surface capacitance will change according to the func-
tion C(t). The dielectric substrate of thickness d and
permittivity εd provides the static inductance L in the
equivalent circuit. The required bianisotropic response
of this metasurface is provided by its asymmetric geome-
try. Applying optimization based on the mode-matching
method [40], we find the optimal metasurface parameters
for the three mentioned regimes (listed in the caption of
Fig. 2). The transmission data through the metasurface
is shown in Fig. 2(b). The results are in good agreement
with those in Fig. 1(b), confirming the desired metasur-
face performance.
To summarize, we have introduced a concept of bian-
isotropic time-modulated systems capable of nonrecipro-
cal wave propagation. In contrast to other approaches for
nonreciprocal systems based on temporal modulations,
our route provides high isolation (or amplification) at
the fundamental frequency using only uniform temporal
modulation of material properties. We have validated the
theoretical predictions with the mode-matching method
for a realistic microwave metasurface. Our findings
provide an attractive alternative for designing magnet-
less nonreciprocal microwave devices and, under proper
scheme of bianisotropic response in the metasurface, can
be further extended to higher frequencies as well as ap-
plied to waves processes of different nature.
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